Mitochondria are crucial organelles in the production of energy and in the control of signalling cascades. A machinery of pro-fusion and fission proteins regulates their morphology and subcellular localization. In muscle this results in an orderly pattern of intermyofibrillar and subsarcolemmal mitochondria. Muscular atrophy is a genetically controlled process involving the activation of the autophagy-lysosome and the ubiquitin-proteasome systems. Whether and how the mitochondria are involved in muscular atrophy is unknown. Here, we show that the mitochondria are removed through autophagy system and that changes in mitochondrial network occur in atrophying muscles. Expression of the fission machinery is per se sufficient to cause muscle wasting in adult animals, by triggering organelle dysfunction and AMPK activation. Conversely, inhibition of the mitochondrial fission inhibits muscle loss during fasting and after FoxO3 overexpression. Mitochondrial-dependent muscle atrophy requires AMPK activation as inhibition of AMPK restores muscle size in myofibres with altered mitochondria. Thus, disruption of the mitochondrial network is an essential amplificatory loop of the muscular atrophy programme.
Introduction
Skeletal muscle is a major site of metabolic activity and the most abundant tissue in the human body accounting for almost 50% of the total body mass. Being the largest protein reservoir, muscle serves as a source of amino acids to be used for energy production by various organs during catabolic periods . For instance, amino acids generated from muscle protein breakdown are used by the liver to produce glucose and to support acute phase protein synthesis . A number of catabolic disease states, including sepsis, cancer, AIDS, diabetes, heart and renal failure are characterized by muscle wasting, mainly reflecting increased breakdown of myofibrillar proteins. Conversely, some forms of physical activity can prevent decrease in skeletal muscle mass and induces clinical benefits for patients (Lynch et al, 2007) . A large body of evidence has shown that ubiquitin-proteasome system is responsible for skeletal muscle protein loss. Two muscle-specific ubiquitin ligases, atrogin-1/MAFbx and MuRF-1, were found to be upregulated in all types of atrophy studied and their expression precedes the onset of muscle weight loss (Bodine et al, 2001; Gomes et al, 2001) . We have recently defined that these ubiquitin ligases and protein breakdown in general are blocked by the growth-promoting IGF1/AKT pathway (Sandri et al, 2004; Stitt et al, 2004) . Members of the FoxO family, downstream targets of AKT, were identified as the main transcription factors regulating not only atrogin-1 expression but also the atrophy programme (Sandri et al, 2004) . Importantly, we have recently found that FoxO3 regulates autophagy through Bnip3 (Mammucari et al, 2007) . Inhibition of Bnip3 greatly reduces autophagosome formation in skeletal muscles even in presence of activated FoxO3 (Hamacher-Brady et al, 2007; Mammucari et al, 2007) . Bnip3 belongs to BH3-only proteins of bcl2 family and can induce apoptosis as well as mitochondrial fragmentation and mitophagy (Hamacher-Brady et al, 2007) .
The autophagy-lysosome system controls morphology and function of organelles. Alterations in the content, shape or function of the mitochondria have been related with muscle wasting. For instance, insulin resistance in humans arises from defects in mitochondrial fatty acid oxidation, which in turn leads to increases in intracellular fatty acid metabolites (fatty acyl CoA and diacylglycerol) that disrupt insulin signalling causing atrophy (Koves et al, 2008) . In sarcopenia, the loss of muscle mass with ageing, atrophic fibres have marked mitochondrial alterations due in part to increased mtDNA mutations (Figueiredo et al, 2008) . Conversely, stimulation of b-oxidative metabolism and mitochondria biogenesis have been shown to reduce muscle wasting in most of these diseases including sarcopenia (Wenz et al, 2009) . Accordingly, we have recently shown that overexpression of PGC1a, the master gene of mitochondrial biogenesis, inhibits muscle atrophy during fasting and denervation (Sandri et al, 2006) . Altogether these observations suggest that changes in mitochondrial function might be an important player in determining muscle size. However, the function of this organelle is linked to its subcellular distribution as well as to its morphology. Mitochondrial shape is regulated by the balance between fusion and fission events, controlled by a family of 'mitochondria-shaping' proteins (Dimmer and Scorrano, 2006) . Changes in the mitochondrial morphology have been implicated in apoptosis as well as in the regulation of muscle metabolism (Soriano et al, 2006) or of cell cycle (Taguchi et al, 2007) . Mitochondrial localization in muscle is tightly controlled to pair the organelle to the sarcoplasmic reticulum and to position them in between myofibrils. Likely, this fine regulation of mitochondrial position depends on the tightly controlled balance between fusion and fission processes.
It is unclear whether and how changes in the shape of the mitochondrial network have any role in the atrophy pathway. Here, we provide direct in vivo evidence of the existence of an amplifying loop of mitochondrial fission in atrophying muscles. The alterations of the mitochondrial network and of mitochondrial function induce a condition of energy unbalance, sufficient to feed forward on nucleus to activate a FoxO3-dependent atrophy programme through AMPK signalling. Thus, mitochondria contribute to muscle signalling during catabolic conditions.
Results

Mitochondrial network is remodelled in atrophying muscles, in vivo
Mitochondria are reported to have an important role in triggering catabolic signals, which contribute to muscle loss and weakness. However, mitochondrial network has never been studied in vivo in atrophying muscles. To better identify the changes in mitochondria content, shape and localization we used our established transfection technique (Sandri et al, 2004 (Sandri et al, , 2006 Mammucari et al, 2007; Sartori et al, 2009 ), which allows a high transfection efficiency without interfering with physiological homeostasis of muscle, to express fluorescent proteins in mitochondria of adult myofibres. Therefore, we co-transfected mouse tibialis anterior (TA) muscles with plasmids encoding mitochondrially targeted fluorescent protein (pDsRed2-Mito) and YFP-LC3, a fluorescent marker of autophagosome formation. Muscle atrophy was induced by denervation or fasting and mitochondrial morphology was monitored. Control and atrophied transfected muscles were studied in the live, anaesthetized animals by confocal microscopy, which allows imaging of mitochondrial activity and network morphology (Rudolf et al, 2004; Mammucari et al, 2007) . Although normal skeletal muscle reported the typical striated distribution of intermyofibrillar and subsarcolemmal mitochondria, denervated and fasted muscles showed a disorganized mitochondrial network ( Figure 1A ). Concomitant with mitochondrial changes atrophying muscles showed an increase in LC3-positive vesicles, which co-localized with pDsRED2-Mito. However, compared with fasting, autophagosomes were rarely detected in denervated muscles. On blockage of lysosomal degradation by chloroquine, we detected a strong increase in autophagosome and autophagolysosome accumulation that co-localized with pDsRed2-Mito during both fasting and denervation, suggesting that the mitochondria were targeted to lysosomal degradation during atrophy ( Figure 1B) . This was further supported by the analysis of mitochondrial morphology in muscle-specific autophagy knockout mice (Masiero et al, 2009) . Inhibition of autophagy greatly prevented mitochondrial changes in fasted muscles (Supplementary Figure S1) , indicating that the mitochondrial network is remodelled through autophagy system during atrophy. As catabolic conditions activate FoxO transcription factors (Sandri et al, 2004 (Sandri et al, , 2006 Mammucari et al, 2007) , we used a genetic approach to activate the atrophy programme in muscle. Thus, we co-transfected mouse muscles with pDsRed2-Mito and a constitutively active FoxO3 (c.a.FoxO3) or a mock construct. The co-transfection with c.a.FoxO3 greatly disrupted the mitochondrial network (Figure 2A and B) and induced the formation of autophagosomes that engulfed portion of cytoplasm including the mitochondria (A) Adult muscles were transfected with YFP-LC3 and with pDsRed2-Mito. Animals were starved for 24 h or denervated for 7 days. Muscles were exposed and observed in situ using confocal in vivo microscopy. At least five animals per condition have been studied. Scale bar, 20 mm. (B) Adult muscles were transfected with YFP-LC3 and with pDsRed2-Mito. Lysosomes were inhibited by treating mice with 50 mg/kg of chloroquine for 7 days. Chloroquine treatment started at the day of denervation and lasted for 7 days, whereas for fasting experiments at the 6th day of chloroquine injection food was removed for 24 h. Muscles were exposed and observed in situ using confocal in vivo microscopy. At least five animals per condition have been studied. Scale bar, 20 mm.
( Figure 2B ). Electron microscopy and histochemistry analysis confirmed that FoxO3 induces mitochondrial changes ( Figure 2C and D) . Therefore, these experiments
show that mitochondrial network is altered during the activation of the FoxO-dependent atrophy programmes, irrespective of the initiating stimulus. 
Inhibition of mitochondrial fission protects from muscle loss during fasting
The changes of mitochondrial morphology in atrophying muscles ( Figure 1 ) prompted us to investigate the relative contribution of mitochondrial network to muscle loss. We decided to block proteins that are reported to affect mitochondrial shape by an RNAi approach and to quantify the effects of their inhibition on muscle loss during starvation. DRP1 and Fis1 are two crucial components of the mitochondrial fission machinery (Wasilewski and Scorrano, 2009 ) that are expressed in normal and atrophying muscle (Supplementary Figure S2) . To reduce fission of mitochondria we knocked down Fis1 protein. Bnip3 belongs to the atrogenes and is always upregulated in atrophy. Bnip3 has been shown to interact with DRP1 to fragment mitochondria (Kubli et al, 2007) and to regulate autophagy in skeletal muscles (Mammucari et al, 2007) . Thus, we transfected adult TA muscles with vectors producing shRNAs specific for Fis1 and Bnip3 or unrelated oligos (lacZ, scramble). The small oligos efficiently knocked down Bnip3 expression and reduced Fis1 mRNA and protein ( Figure 3A ; Supplementary Figure S3 and Table S2 ). Two days of fasting induced almost 20% decrease in cross-sectional area of fibres transfected with control scramble shRNAs. Inhibition of Bnip3 showed minor effects on prevention of atrophy whereas inhibition of Fis1 alone or in combination with Bnip3 resulted in a more significant protection from muscle loss, which reached the 85% of protection when both components were blocked ( Figure 3B ). Similarly, Bnip3 and Fis1 inhibition partially protected slow muscles such as soleus from atrophy during denervation (Supplementary Figure S4) . To explain such important protection, we investigated whether inhibition of Fis1 and Bnip3 affects also the expression of the critical atrophy-related ubiquitin ligases. We focused on ubiquitinproteasome pathway as this system is always activated in atrophying muscles. To dissect this point we co-transfected MuRF-1 or atrogin-1 promoter together with Fis1 and Bnip3 shRNAs into TA muscle and after 8 days we starved the mice. These promoters have been already shown to contain the major regulatory elements for the correct upregulation of these ubiquitin ligases in atrophying muscles (Sandri et al, 2004; Mammucari et al, 2007; Sandri, 2008; Sartori et al, 2009) . Importantly, Fis1 and Bnip3 knockdown reduced the activation of atrogin-1 and MuRF-1 promoters during fasting ( Figure 3C ). To further address the contribution of the mitochondria to the atrophy programme we turned to a genetic approach. We co-transfected skeletal muscles with c.a.FoxO3 and a dominant negative mutant of the fission protein DRP1 ( DRP1 K38A ) (Smirnova et al, 2001 ). FoxO3-mediated muscle atrophy was significantly reduced when we inhibited DRP1 ( Figure 3D ). As FoxO3 controls the autophagy system to remodel the mitochondrial network we monitored whether we could successfully reduce vesicle formation in FoxO3-expressing fibres. We have already shown that Bnip3 inhibition blocks autophagy even in presence of activated FoxO3 (Mammucari et al, 2007) ( Figure 3E ). Thus, we checked whether autophagy was affected by DRP1 inhibition. Interestingly, FoxO3-mediated autophagosome formation was reduced by the co-transfection with DRP1 K38A ( Figure 3E ; Supplementary Figure S5 ). Then, we tested whether DRP1 blockade can affect the FoxO3-mediated induction of MuRF-1 and atrogin-1 promoters.
Consistent with fasting data, inhibition of DRP1 blocked the activation of MuRF-1 but only slightly reduced atrogin-1 induction ( Figure 3F ). Thus, the mitochondrial network signals to the nucleus and affects the two major proteolytic systems of the cell, the autophagy-lysosome and the ubiquitin-proteasome. We also checked whether apoptosis might contribute to muscle loss but apoptosis was not induced in fasting and was not activated by the expression of the fission machinery (Supplementary Figure S6) therefore excluding a general involvement of this system during muscle loss.
Induction of mitochondrial fission and dysfunction activates an atrophy programme
These data suggest that changes of mitochondrial shape per se might contribute to muscle loss. To dissect the contribution of mitochondrial network reorganization to muscle atrophy, we expressed the core components of the fission machinery or Bnip3 in adult skeletal muscle. As alteration of mitochondrial morphology can affect function of the organelle, we monitored both mitochondrial shape and membrane potential. We transfected TA muscles with plasmids encoding mitochondrially targeted fluorescent protein (mtM13-YFP). Seven days later, muscles were injected with tetramethyl rhodamine methyl ester (TMRM), a potentiometric fluorescent dye. In vivo confocal microscopy showed the expected mitochondrial striated pattern and a very good overlap of mtM13-YFP and TMRM (Figure 4 ), indicating that mtM13-YFP was a valid mitochondrial marker and that the membrane potential of mitochondria was intact and unaffected by transfection. Conversely, when we expressed Bnip3, DRP1, Fis1 or the couple DRP1-Fis1 in TA, staining with TMRM was lost or strongly reduced in several mitochondria, whereas others appeared to have a paradoxical increase, possibly because of clumping of organelles and concentration of fluorescence in a restricted area (Figure 4) . Mitochondrial shape was greatly altered especially in myofibres co-transfected with both DRP1 and Fis1. The expression of the single components of the fission machinery and of Bnip3, even if to a lesser degree, resulted in changes of mitochondrial morphology, which resembled the mitochondrial alterations of FoxO3 overexpression (Supplementary Figure S7) . Moreover, DRP1/ Fis1-mediated mitochondrial fission activates autophagy to remove mitochondria (Supplementary Figure S8) . These experiments showed that we successfully altered mitochondrial network in adult muscle. The next step was to study whether the core fission machinery and Bnip3 were sufficient to activate muscle atrophy. To this end, we expressed DRP1/ Fis1 or Bnip3 and analysed muscle cross-sectional areas and we compared results obtained with mock-transfected fibres. DRP1/Fis1 induced muscle atrophy, which increased over time ( Figure 5A ). The degree of muscle atrophy correlated with the extent of mitochondrial network alteration. Similarly, Bnip3 or Bnip3l (a homolog of Bnip3) expression resulted in a reduction of fibre size ( Figure 5B ). Therefore, DRP1, Fis1 and Bnip3 triggered mitochondrial changes, autophagy induction ( Figure 5C and D) and muscle atrophy. As Bnip3 contains a BH3 domain, which can disrupt beclin-1/ Bcl2 complex and activate autophagy through beclin-1, we mutated the critical residues of this domain to address whether autophagy is sufficient to induce remodelling of mitochondrial network and muscle wasting. Muscle atrophy and autophagosome formation were unaffected by BH3 mutant ( Figure 5D and E). However, expression of a Bnip3 lacking the mitochondrial localization signal (Bnip3-DTM) did not induce muscle atrophy (not shown, Supplementary Figure S9 ). We further explored whether the different mutants might affect the recruitment of autophagosomes on Figure S10) . These findings confirm that BH3 domain is dispensable for autophagy activation and that Bnip3 effects are mediated by its action on the mitochondria. To further explore the signalling triggered by mitochondrial fission we used a Fis1 mutant (Fis1 K148R ), which dissociates mitochondrial fission from dysfunction (Alirol et al, 2006) . This mutant induces mitochondrial fission preserving membrane potential also in muscle ( Figure 6A ). To further prove the involvement of mitochondrial dysfunction in muscle atrophy, we monitored mitochondrial potential in isolated adult fibres transfected with the different constructs for Fis1, Bnip3 and FoxO3. A latent mitochondrial dysfunction masked by the ATP synthase operating in the reverse mode, can be unveiled by the ATP synthase inhibitor oligomycin (Irwin et al, 2003) . As expected, addition of oligomycin to control fibres did not cause immediate changes in membrane potential, and mitochondrial depolarization proceeded at slow rates even after extensive incubation ( Figure 6B ). Mitochondrial depolarization was achieved after addition of the protonophore carbonylcyanide-p-trifluoromethoxyphenyl hydrazone (FCCP). Mitochondria in fibres transfected with Fis1, Bnip3 and FoxO3 underwent marked depolarization after oligomycin, ( Figure 6B ). Conversely, mitochondria did not show a latent dysfunction in fibres transfected with Fis1 K148R ( Figure 6B ). This finding confirms that Fis1 K148R induces mitochondria fission while preserving mitochondrial function and, consequently, energy production (Supplementary Figure S11) (Alirol et al, 2006) . To dissect whether mitochondrial dysfunction is additionally required to activate an atrophy programme we expressed Fis1 K148R and analysed muscle cross-sectional areas. Accordingly, Fis1 K148R was unable to reduce myofibre size. Next, we checked whether Fis1 K148R caused the activation of the ubiquitin ligase MuRF-1. Expression of Fis1 induced the activation of MuRF-1 promoter whereas Fis1 K148R did not alter the basal promoter activity ( Figure 6D ). Altogether these findings suggest that remodelling of the mitochondrial network per se is not sufficient to activate the atrophy programme and that most likely mitochondrial dysfunction is additionally required to trigger muscle loss.
Mitochondrial fission modulates FoxO3 activity through AMPK
The next step was to understand how mitochondrial changes affect the atrophy programme. Mitochondria are essential for energy production, consequently when mitochondria are perturbed in their function and shape, energy production might be affected. AMPK is the cellular sensor of energy level. We therefore examined AMPK activation on expression of Bnip3, DRP1 and Fis1 in HEK293 cells. All these resulted in increased phosphorylation of AMPK and of its downstream target, ACC ( Figure 7A ). Similarly, denervated and starved EDL and Soleus muscles showed activation of AMPK, which correlates with the previously observed mitochondrial network changes ( Figure 7A ). Next, we expressed a dominant negative AMPK (Aguilar et al, 2007) in fibres transfected with Figure S13) . We then investigated the connection between AMPK and the activation of catabolic pathways. AMPK modulates FoxO3 action independently from AKT. Indeed, when muscle cell cultures were treated with AICAR, an AMPK activator, the FoxO3 targets, atrogin-1, MuRF-1, LC3 and Bnip3 were upregulated ( Figure 8A ). However, AKT phosphorylation was not suppressed by AICAR where mTOR downstream targets were partially dephosphorylated ( Figure 8B ). This finding supports an AKT-independent regulation of FoxO3. AMPK activation upregulated FoxO3 expression as recently described (Nakashima and Yakabe, 2007) . Chromatin immunoprecipitation (ChIP) assay showed an increase in FoxO3 binding to atrogin-1 and MuRF-1 promoters in AICAR-treated myotubes ( Figure 8C ). Thus, according to recent findings, AMPK mainly affects FoxO recruitment to target promoters enhancing its transcriptional activity (Greer et al, 2007b) . Finally, to establish the role of FoxO3 during mitochondrial fission, we transfected adult fibres with DRP1/Fis1 and shRNAs against FoxO3 or LacZ. Indeed, muscle atrophy induced by cotransfection of DRP1 and Fis1 was completely inhibited by FoxO3 knockdown ( Figure 8D ). These findings indicate that mitochondrial fragmentation activates the AMPK-FoxO3 axis, which induces expression of atrophy-related genes, protein breakdown and muscle loss.
Discussion
Skeletal muscle is a major site of metabolic activity in mammalians and, within the cell, mitochondria are crucial for maintaining an appropriate energy balance. Several metabolic adaptations occur in atrophying muscles Sandri et al, 2006) . The mitochondria-rich oxidative type I muscle fibres switch into glycolytic type II fibres during denervation (Raffaello et al, 2006) . Moreover, denervation, . Twelve days later muscles were observed in vivo with confocal microscopy. TMRM was injected into the muscles to monitor mitochondria, which retain membrane potential. Mitochondrial network was greatly altered but mitochondrial membrane potential was conserved. (B) FDB muscle fibres were transfected by electroporation in vivo. Eight days later adult fibres were isolated and placed in cell culture. Adult fibres were loaded with TMRM (5 nM) for 30 min at 371C. TMRM accumulates in the mitochondria that maintain mitochondrial membrane potential. Oligomycin (Olm, 5 mM) and the protonophore FCCP (4 mM) were added at the indicated time points. TMRM staining were monitored in at least 10 fibres per construct (*Po0.001). (C) hFis K148R -transfected muscles were collected 12 and 21 days after transfection. Cross-sectional area of transfected fibres, identified by anti-myc immunofluorescence, was quantified (n ¼ 550). (D) Fis1-dependent activation of MuRF-1. MuRF-1 promoter was co-transfected into adult TA muscle with or without Fis1 or Fis1
K148R
. A renilla-luciferase vector was co-transfected to normalize for transfection efficiency. Eight days later, firefly and renilla-luciferase activity was determined. Each condition represents the average of at least five independent experiments ± s.e.m. (*Po0.05). many forms of muscle wasting expression of a variety of genes for enzymes important in glycolysis and oxidative phosphorylation are also suppressed co-ordinately (Sacheck et al, 2007) . Therefore, the idea of blocking mitochondriamediated signalling and metabolic changes to reduce muscle loss and to improve muscle contraction is suggestive and is supported by several other evidences. In fact, some forms of physical activity such as endurance exercise produces mitochondrial biogenesis and clinical benefits for patients (Eyre et al, 2004; Melov et al, 2007; Adams et al, 2008) . Furthermore, we have found that when the levels of PGC-1a are maintained, either by use of transgenic mice or by transfecting adult muscle fibres, muscles are protected from atrophy. However, whether mitochondrial network is affected during catabolic conditions and whether mitochondria are potential source of signals for muscle atrophy has never been clearly addressed. Previous work has defined a major role of mitochondrial function to support protein synthesis and muscle hypertrophy. Studies on S6K1 and S6K2 knockout mice defined the importance of this pathway in energy homeostasis and muscle growth (Ohanna et al, 2005) . These mice show activation of AMPK and muscle atrophy (Aguilar et al, 2007) , a situation of energy stress similar to starvation, which was reversed by AMPK inhibition. Furthermore, treatment with oligomycin or with 2-deoxyglucose, both leading to energy balance stress, triggered muscle atrophy in muscle cell cultures (Aguilar et al, 2007) . Here, we further determine the connection between dynamics of mitochondrial network, energy balance, catabolic pathways and muscle atrophy in adult muscle. By using in vivo approaches we have analysed whether changes of mitochondrial network occurs in atrophying muscles and whether it contributes to energy stress and muscle loss. We show that activation of different pathways of mitochondrial fission and removal in adult fibres induces muscle atrophy. These observations together with the findings that Fis1 K148R mutant failed to induce muscle atrophy suggest that a certain mitochondrial damage is important for muscle atrophy. This point is supported by the AMPK activation, which is critical for muscle wasting during these catabolic conditions as AMPK blockade prevents most of the consequence of mitochondrial fission on myofibre size. Thus, mitochondrial remodelling induces an atrophy programme mainly by AMPK signalling. FoxO family of transcription factors are finely turned on or off by different mechanisms including acetylation, phosphorylation, monoand poly-ubiquitination. Between the kinases that can phosphorylate FoxOs, AMPK has been recently found to activate FoxO3, but not FoxO1 or FoxO4 (Greer et al, 2007b) . Indeed, AMPK activation extends the lifespan of Caenorhabditis elegans through the FoxO homolog, DAF16 (Greer et al, 2007a ). An unsolved question of these studies is to define the physiological relevance of such regulation in mammals. Our data fit with the model that, under conditions of energy stress, FoxO3 activity is acutely enhanced by AMPK to sustain autophagy and protein breakdown as source of alternative energy substrates.
The simultaneous activation of the two main proteolytic pathways by FoxO3 presumably ensures that the loss of different cell components is coordinated on fasting or disuse and leaves the muscle with relatively normal composition, though reduced in strength because of the loss of myofibrillar components and in functional capacity through loss of mitochondria. Persistence of damaged mitochondria can induce release of death-promoting factors such as cytochrome-c, AIF, endonuclease g, which can affect myofibre viability. Furthermore, sublethal damage of mitochondria might locally generate ROS, which activates FoxO and NFkB to sustain protein breakdown and muscle atrophy. These mechanisms are important for removing damaged organelles and for preventing accumulation of unfolded/misfolded proteins. However, the AMPK and ROS-positive feedback loops on FoxO activity can aggravate protein breakdown and muscle loss during diseases (Supplementary Figure S14) . In conclusion, a new scenario is rising in which metabolic changes are critical to sustain muscle loss. These findings open a new set of candidate targets for developing new drugs against muscle loss.
Materials and methods
Reagents, plasmids and antibodies
See Supplementary data.
Animals and in vivo transfection experiments
All experiments were performed on adult male CD1 mice (28-32 g). In vivo transfection experiments were performed as described earlier (Sandri et al, 2004) . In some experiments, mice were injected intraperitoneally with either saline solution or 50 mg/kg chloroquine. Chloroquine was administered twice daily. Animals were killed after 7 days of chloroquine treatment (see Supplementary data for details). Denervation was induced as described earlier (Sandri et al, 2006) . Cryosections of transfected muscles were examined using a confocal fluorescence microscope. Muscle fibre size was measured in at least 400 transfected fibres as well as in an equal number of untransfected fibres from the same muscle as described (Sandri et al, 2004) . Fibre cross-sectional area was measured using IMAGE software (Scion, FredAdenoviral Vectors erick, MD).
Cell culture and transient transfections HEK293 FT, MEF cells and C2C12 myogenic cell line were cultured in DMEM (GIBCO-Invitrogen) supplemented with 10% foetal calf serum until cells reached confluence. To induce C2C12 myotube formation, the medium was replaced with DMEM containing 2% horse serum (differentiation medium) and incubated for 5 days before proceeding with experiments. Myotubes were treated with 1 mM AICAR for 6 h in DMEM. HEK 293 FT, MEF and myoblasts were transfected using Lipofectamine2000 (Invitrogen) according to the manufacturer's instructions. Cell culture experiments were repeated at least three times.
Single fibres transfection and mitochondrial membrane potential analyses
Mitochondrial membrane potential was measured in isolated transfected fibres from flexor digitorum brevis (FDB) muscles. In vivo muscle transfection was achieved by injection with GFP and either mock vector or Bnip3, Fis1, Fis1 K148R , c.a.FoxO3 plasmids followed by in vivo electroporation as described earlier . Twelve days after transfection, FDB fibres were obtained as described earlier (Mammucari et al, 2007; Zhao et al, 2007) . Mitochondrial membrane potential was measured by epifluorescence microscopy based on the accumulation of TMRM fluorescence according to Irwin et al (2003) . Briefly, FDB myofibres were placed in 1 ml Tyrode's buffer and loaded with 5 nM TMRM (Molecular Probes) supplemented with 1 mM cyclosporine H (a Pglycoprotein inhibitor) for 30 min at 371C. Myofibres were then observed at Olympus IX81 inverted microscope (Melville, NY) equipped with a CellR imaging system. After identification of GFPpositive cells, sequential images of TMRM fluorescence were acquired every 60 s with a Â 20 0.5, UPLANSL N A objective (Olympus). At the times indicated by arrows, oligomycin (Olm, 5 mM) (Sigma) or the protonophore carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP, 4 mM) (Sigma) was added to the cell culture medium. Images were acquired, stored and analysis of TMRM fluorescence over mitochondrial regions of interest was performed using ImageJ software (http://rsb.info.nih.gov/ij/).
Immunoblotting
Muscles and cells were lysed and immunoblotted as described earlier (Mammucari et al, 2007) . Blots were stripped using Restore western blotting stripping buffer (Pierce) and reprobed if necessary. List of antibodies is depicted in Supplementary data.
Gene expression analyses
Total RNA was prepared from differentiated myotubes using the Promega SV Total Isolation kit. cDNA was synthesized using Invitrogen SuperScript III reverse transcriptase, and quantitative PCR was performed using the QIAGEN QuantiTect SYBR Green PCR kit. Signals were normalized to b-actin expression. The oligonucleotide primers used are shown in Supplementary Table S1 .
Fluorescence microscopy and electron microscopy Cryosections of transfected muscles were examined using a confocal fluorescence microscope. Electron microscopy preparation and observation were performed as described earlier (Mammucari et al, 2007) . Five transfected muscles were analysed and more than 100 fibres were monitored.
In vivo imaging using two-photon microscopy To monitor mitochondria morphology and autophagosome formation in living animals, muscles were transfected by electroporation. Unless otherwise stated, confocal microscopy was performed 12 days later on in situ exposure of transfected muscles as described earlier (Rudolf et al, 2006; Mammucari et al, 2007) . In all, 500 nM TMRM was injected locally. To allow the muscle to recover from the injection-induced swelling, microscopic observation was interrupted for 2-5 min.
In vivo RNAi
In vivo RNAi experiments were performed as described earlier (Sandri et al, 2004 ) Sequences and plasmids are described in Supplementary Table S2 .
ChIP assay
ChIP was performed as described earlier (Mammucari et al, 2007) . Briefly, proteins were cross-linked with 37% formaldehyde. Myotubes were lysed with SDS lysis buffer (Upstate) and sonicated. Lysates were cleared with Protein-G Agarose, pelleted and incubated with anti-FoxO3 antibody. After incubation with antibody, protein-DNA complexes were eluted and the cross-links were reversed. DNA was amplified using primers, which flanked predicted FoxO3-binding sites in the atrogin-1 promoter and in MurF-1 promoter. MuRF-1 fw: 5 0 -GATAGCCTTACCAGCGTCCA-3 0 MuRF-1 rv; 5 0 -AGCAGTGGGAGAGAGGGTTTA-3 0 .
Luciferase assay
Luciferase assays were performed by standard procedures in muscles removed 8 days after transfection with Fis1, Fis1K148R, c.a.FoxO3 and d.n.DRP1 expression vectors together with 3.5 kb of atrogin-1 promoter (3.5AT1) or 5 kb of MuRF-1 promoter (5.0MuRF-1) reporter constructs. RNAi-mediated knockdown of Fis1 and Bnip3 was induced by the transfection of pcDNA 6.2-GW/EmGFP-Fis1 and pSUPER Bnip3 shRNA vectors. These constructs were transfected into TA muscle together with a renilla-luciferase vector (pRLTK) to normalize for transfection efficiency as described earlier (Sandri et al, 2004) . Results are expressed as mean ± s.e.m. of at least three independent experiments.
Statistical analysis
Data were analysed by two-tailed Student's t-test. For all graphs, data are represented as mean ± s.e.m.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
